Conjugational mobilization of a Pseudomonas aeruginosa PAOl cosmid bank (in pMMB33) into a pyoverdine-def icient (pvd) mutant harbouring a mutation in the 47 min region of the chromosome yielded one clone which restored yellow-green pigmentation and fluorescence when grown on iron-def icient medium. The relevant pMMB33-derivative cosmid, pPYP17, contained a 151 kb insert which was subcloned into pKT240 as a 10.8 kb Sacl-Clal fragment conferring the same phenotype. This derivative, pPYPl80, like pPYP17, also conferred an apparent wild-type phenotype on pvd mutants previously shown to map genetically in the 23 min region of the P. aeruginosa PA0 chromosome. Physical mapping indicated that the cloned DNA fragment is located at the 66-70 min region of the PA0 chromosome, demonstrating that the restored apparent wild-type phenotype observed for the transconjugants was not the result of a true gene complementation. A gene interruption was obtained by replacing a 0 6 kb BgllI-Bglll region of pPYP180 necessary for the expression of the pigmentation/fluorescence phenotype, by a Hgr interposon (OHg). After conjugational transfer and introduction of the mutagenized fragment into the PAOl chromosome by gene replacement, pyoverdine-def icient mutants were recovered, indicating that the fragment indeed contained at least one gene involved in pyoverdine synthesis. The yellow-green fluorescent compound produced by such cells harbouring plasmids pPYP17 or pPYP180 differed from pyoverdine in several aspects and was consequently named pseudoverdine. Although pseudoverdine was able t o complex iron, it was unable t o restore growth to pvd mutants in the presence of the iron chelator ethylenediamine di(o-hydroxyphenylacetic acid), or to mediate iron uptake into PAOl .
INTRODUCTION
Pseudomonas aeruginosa P A 0 produces two siderophores in iron-limited media. One is pyochelin, a derivative of salicylic acid (Cox eta/., 1981) , the other is the biologically more important pyoverdine (Ankenbauer e t al., 1985) Abbreviations: Ap, ampicillin; Cb, carbenicillin; EDDHA, ethylenediamine di(o-hydroxyphenylacetic acid); Km, kanamycin; TOPA, 2,4,5-tri hydroxyphenylalanine.
which is composed of a fluorescent chromophore and a peptide arm (Briskot e t a] ., 1989). Other P. aeruginosa strains, as well as strains belonging to other fluorescent pseudomonad species (P. juorescens, P. putida, P. yingae), were found to produce pyoverdines differing in the composition of the peptide arm (Meyer e t al., 1987; Cornelis e t al., 1989; Budzikiewicz, 1993) . As a result, the uptake of ferripyoverdine is usually strain-specific (Hohnadel & Meyer, 1988; Cornelis e t al., 1989) . Conversely, the chromophore, which is a quinoline derivative, appears to be highly conserved among all the pyoverdines 0002-0352 0 1996 SGM Hohnadel et al. (1986) Hohnadel (l988) Frey e t al. (1983) Bagdasarian e t al.
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This study * The 23 min and 47 min locations refer to the recalibrated genetic map of O'Hoy & Krishnapillai (1987) , recently revised (by Holloway et d., 1994) . They correspond to the previously published values, 35 min and 65-70 min respectively (Hohnadel e t al., 1986) , based on an earlier version of the map (Holloway & Matsumoto, 1984) .
characterized to date (Leong, 1986; Michels et al., 1991 ; Budzikiewicz, 1993 (Marugg e t al., 1988) were shown to contain several transcriptional units corresponding to genes involved in pyoverdine biosynthesis, in the dissociation of iron from ferripyoverdine, and in iron regulation. In some instances, the ferripyoverdine receptor gene has also been identified and localized in the same region as the biosynthetic genes (Magazin et al., 1986; Marugg e t al., 1989; O'Sullivan et al., 1990 More recently, a 103 kb region located at 47 min of the P A 0 chromosome has been defined as the pvd region (Tsuda e t al., 1995) , containing the few siderophore biosynthesis genes already cloned and found to encode an L-ornithine N5-oxygenase (PvdA, Visca et al., 1994) , an expected peptide synthetase (PvdD, Merriman e t al., 1995) and also the ferripyoverdine receptor genefpvA (Poole e t al., 1993b) . In this paper we describe the cloning of P. aerngznosa P A 0 gene(s) located in the 66-70 min region of the chromosome (current map, Holloway e t a]., 1994) and involved in the synthesis of the chromophore moiety of p yoverdine.
METHODS
Bacterial strains, plasmids and growth conditions. Escherichia coli S17-1 (Table 1) was grown in Luria-Bertani (LB) medium supplemented with 10 pg streptomycin ml-'. Psetrdomonas aerzlginosa strains (Table 1) were grown either in LB medium, in
King's B (KB) medium or in succinate minimal medium (Meyer & Abdallah, 1978) , supplemented with 1 mM methionine for PA06049 and its derivatives. For growth of plasmid-containing strains (Table l) , antibiotics were used at the following concentrations : ampicillin (Ap) and kanamycin (Km) at 100 pg ml-' for E. coli, carbenicillin (Cb) at 400 pg ml-' and Km at 1000 pg ml-' for P. aerzlginosa. P. aerzlginosa cells harbouring the RHg interposon were selected on HgC1,-supplemented (1 5 pg ml-') succinate medium. Iron supplementation at the appropriate concentration was achieved by adding 2 M FeC1, to the sterile succinate medium. Due to an intrinsic instability of the plasmid constructions when introduced into P. aerzlginosa, cultures for production of pseudoverdine or ferripseudoverdine were inoculated directly from a bacterial suspension in sterile saline of daughter colonies grown on KB agar plates supplemented with Km at 1000 pg ml-'. The daughter colonies were obtained by streaking one single colony displaying the pseudoverdine-positive phenotype on the same medium. DNA manipulation. P. aerzlginosa PA01 chromosomal DNA, purified according to Chesney etal. (1979) , was partially digested with Sazl3A and fragments of approximately 20-30 kb were cloned in the BamHI site of pMMB33 using the procedure described by Frey e t al. (1983) . In vitro packaging and infection of E. coli S17-1 were performed according to the recommendations of the manufacturer (Gigapack gold, Stratagene). (Southern, 1975) was performed using a digoxigenin labelling kit (Boehringer, Mannheim). Detection was done according to Kreike e t al. (1990) .
Recombinant plasmid mobilization. Recombinant plasmids were conjugationally mobilized from E. coli S17-1 (using the integrated promiscuous conjugative plasmid RP4-2) to P. aerzrginosa in mating experiments performed in liquid or solid medium. One hundred microlitres of an overnight (37 "C) culture of E. coli cells harbouring pMMB33-derivatives were mixed with the same volume of an overnight culture of P. aertrginosa cells, grown at 43 O C without agitation to lower P. aerzlginosa restriction efficiency (Holloway, 1969) . The cell mixture was incubated for 4 h at 37 "C and drops were plated on I<B medium supplemented with Ap (100 pg ml-') and Km (1000 pg ml-'). For the mobilization of pKT240-derivative plasmids, the E. coli cells were spotted directly on the selective medium (KB medium supplemented with 100 pg Km ml-' and 400 pg Cb ml-') first inoculated with a lawn of P. aeruginosa cells subcultured at 43 "C. After incubating for 2 d at 37 OC, transconj ugants were screened for their colour and fluorescence under UV light at 365 nm.
Mutagenesis by marker exchange. The 5.0 kb EcoRI-EcoRI fragment from pPYP17 ( Fig. 1 ) was cloned into the gene replacement vector pSUP202 (Simon et a/., 1986) , and the recombinant vector subsequently digested with BglII to remove the 0-6 kb BgAI-BglII fragment essential for pseudoverdine production. A 5 kb BamHI fragment carrying the Hg' gene of pHP45QHg (Fellay et a/., 1987) was inserted into the BgAIrestricted plasmid, yielding pSUP202CD. Following transfer into E. co/i S17-1, the vector was mobilized into PA01 by conjugation and Hg' clones were randomly picked up and analysed for their sensitivity towards Cb. PA01 clones, resulting from an homologous recombination between the EcoRI fragment of pSUP202CD and the corresponding chromosomal region, will be Hg' but will lack the Cb' determined by the pSUP202 suicide vector. The pvd phenotype expected from the disruption of the BglII-BgZII fragment by insertion of the Hg' gene was assessed by spectrometric and fluorimetric analysis of the recombinant strain growth supernatants. Southern analysis of the BglII-, EcoRI-or XhoI-digested chromosomal DNA of the putative mutants was carried out using a 4.8 kb digoxigenin-labelled Hg'-containing Hilad111 fragment of pHP45QHg as probe.
PFGE. The physical mapping of the pyoverdine genes within pPYP17 was done by digestion of cosmid DNA with Sac1 and ClaI ( Fig. 1 ) and the 10.8 kb fragment was isolated from lowmelting-point agarose, labelled with 32P and used as a probe in Southern hybridization against PA01 293 genomic DNA digested with SpeI. Fragments were separated by PFGE as described by Ratnaningsih et a/. (1970) .
Other techniques. The purification procedure for pyoverdines and electrophoretic analysis were as described previously (Meyer & Abdallah, 1978) . The protocol used for iron uptake experiments has been described elsewhere (Meyer et a/., 1990) . UV-visible spectra were obtained from a Uvikon 930 (Kontron) spectrophotometer.
RESULTS

Construction of a P. aeruginosa PA0 genomic bank and complementation of pvd mutants
A P A 0 genomic bank was constructed by cloning 20-30 kb fragments from a partial Sa243A digest of chromosomal DNA into the broad-host-range cosmid pMMB33 (Frey e t al., 1983) . After in vitro packaging and infection of E. coli S17-1, about 2000 I<mr colonies were picked and individually transferred into microtitre plates containing appropriate growth medium. Twelve clones were chosen at random for plasmid DNA isolation. Eleven of the clones were found to contain inserts of more than 20 kb (data not shown).
For complementation experiments, the pyoverdinedeficient mutant PA06606, whose mutation maps at 47 min, was chosen because of its complete lack of fluorescence when grown in succinate medium (Hohnadel e t al., 1986) . The 2000 clones were individually mated with this mutant. Transconjugants were obtained at a high frequency (80 %). When grown on I<B medium, one of them produced an intense pigmentation and fluorescence, similar to the wild-type phenotype due to pyoverdine excretion. This clone contained a cosmid, named pPYP17, which harboured an insert of 15.1 kb. The genomic bank was also used in complementation assays with the pyoverdine-deficient strains PA06601 and PAO6622, two mutants having mutations in the 23 min chromosomal region (Hohnadel e t al., 1986) . Transconjugants displaying the wild-type phenotype were not recovered from these two strains.
Restriction analysis and subcloning of the pPYPl7 insert Fig. 1 shows a restriction map of the 15.1 kb insert of pPYP17. Since the size of the insert was found to be too small for a cosmid (total size of the cosmid: 28 kb), we considered that the actual cosmid pPYP17 resulted from deletions in the original cosmid clone. Fig. 2 shows a Southern blot with P A 0 1 D N A digested with different restriction enzymes in single or in double digests. The gelpurified 0.6 kb BglII-BglII fragment from the 15.1 kb insert of pPYP17 (Fig. l) (Fig. 2, lane 3) , while according to the restriction map, a fragment of 5 kb was expected. Another discrepancy was found in the case of HindIII (Fig. 2, lane  5) ; the hybridization occurred with a band of 7 kb, suggesting the existence of a second HindIII site in the chromosomal DNA, absent from pPYP17. The position of this HindIII site, close to the left XhoI site of pPYPl7, was confirmed by double digestion with XhoI and HindIII (Fig. 2, lane 9) ; the mobility of this band on the gel was similar to that observed for the DNA digested with XhoI (Fig. 2, lane 4) . The existence and position of this unexpected Hind111 site was confirmed by the EcoRIHindIII double digestion (Fig. 2 , lane 10) which gave a band at 5.3 kb. Hybridization with another probe corresponding to the left 1-5 kb EcoRI-BamHI fragment of pPYP17 gave two signals with the genomic DNA cut with the same enzymes, one at 5 kb and the other a t 0.5 kb, confirming the existence of a deletion in cosmidcloned DNA which occurred to the left of the BamHI fragment (results not shown).
Using plasmid pKT240 as a vector, several subclones with inserts of different sizes were obtained ( Fig. 1 ) and introduced in PA06606 following mobilization from E . coli S17-1. Of these, only pPYPl80, harbouring the 10-8 kb SacI-ClaI fragment derived from the 15.1 kb pPYP17 insert, conferred the same pigmented/ fluorescent phenotype to the mutant as did pPYP17. Clones harbouring the 6 kb XhoI fragment (in pPYP171 and pPYP177, see Fig. 1 ) produced a faint yellowish fluorescence, whereas the deletion of the 0.6 kb BgLIBglII fragment from pPYPl7 ( Fig. 1, pPYPl8 ) resulted in the total loss of the fluorescent phenotype.
When pPYP17 and pPYP180 were mobilized into the other pyoverdine-deficient mutants PAO6602, PAO6603, PAO6609, PA06616, PA06620 and PA06624 (all carrying mutations mapping in the same 47 min region of the chromosome as PAO6606), the transconjugants displayed the wild-type (i.e. pigmentation/fluorescence) phenotype. The other constructions (pPYP18, pPYPl71, pPYP174, pPYP177, pPYP179 and pPYP181) did not restore fluorescence. Surprisingly, the transfer of pPYPl7 or pPYP180 into a mutant with a mutation mapping in the 23 min region of the chromosome (PAO6622) also produced transconjugants with wild-type pigmentation and fluorescence.
Chromosomal location of the 10.8 kb Sad-Clal fragment of pPY P I 7
Physical mapping by PFGE indicated that the 10.8 kb Sa-ClaI fragment from pPYP17 hybridized with the 320 kb SpeI fragment F of the P A 0 chromosome (Holloway e t al., 1994) 
Mutagenesis by marker exchange
T o confirm that P. aeraginosa chromosomal DNA present in pPYP17 carries gene(s) involved in pyoverdine biosynthesis, a 0.6 kb BgDI fragment of pPYP17 was replaced with the Hgr interposon of pHP45RHg and introduced into the chromosome of P. aerzlginosa P A 0 1 via gene replacement. Of 200 Hgr P. aeraginosa P A 0 clones screened, four lacked the plasmid-associated Cb resistance, indicating replacement of the BgllI fragment with the RHg element. Screening for production of pyoverdine revealed two phenotypes amongst the mutant clones : complete lack of pyoverdine-associated pigmentation/ fluorescence or slight fluorescence and pigmentation. Repeated subculturing of the mutants revealed some instability with respect to pigmentation with some increase in pigmentation/fluorescence noted. In no case, however, did the insertion mutants demonstrate wildtype pigmentation/fluorescence. To confirm the expected site-specific recombination event, Southern analysis was carried out using the Hgr-containing fragment of pHP45RHg as probe. Fig. 3 illustrates the results obtained with the BglII, EcoRI or XhoI digests of the chromosomal DNA of such an insertion mutant (lanes 2-4) or of the plasmid pSUP202CD (lanes 5-7). Both EcoRI digests revealed a 3 kb fragment, demonstrating that the RHg interposon was effectively present in the chromosomal DNA. Furthermore, the XhoI digestion of that DNA produced a single XhoI fragment of 10.1 kb, corresponding to the P A 0 1 5.7 kb XhoI fragment (Fig. 2) augmented A. STINTZI a n d OTHERS in size by the integrated interposon fragment (5 kb) replacing the &&I fragment (0.6 kb).
Characterization of the fluorescent pigment produced by transconjugants harbouring pPYPl7 or pPYP180
During the 24 h of growth at 37 "C in succinate medium supplemented with 1 mM methionine and 500 pg Km ml-', the transconjugants harbouring pPYPl7 or pPYPl80 accumulated a strongly fluorescent yellowgreen extracellular pigment. This pigment appeared similar to PAOl pyoverdine except that it was slightly greener. This small, subjective difference was confirmed
by comparing the UV-visible absorption spectra of the supernatants, at pH 7.5, which showed an absorption maximum at 418 nm for the PAO6624(pPYP17) supernatant, compared with the typical absorption maximum at 405 nm obtained at the same pH with the PA01 growth medium containing authentic pyoverdine (Fig. 4) . At other pH values, the absorption maximum of the compound produced by PAO6624(pPYP17) showed even more pronounced shifts compared to those observed for pyoverdine: 422 nm at pH 8.8 (407 nm for pyoverdine), 365 nm at pH 5.0 (385 nm for pyoverdine).
Upon iron addition (FeC1,2 M, 1 ml per 500 ml medium), a pyoverdine-containing supernatant rapidly turns from yellow-green to brown, together with the disappearance of fluorescence, as a result of the formation of the iron(II1) complex of pyoverdine. Ferripyoverdine is characterized by an absorption maximum at 403nm which is pHindependent (Meyer & Abdallah, 1978) . Addition of FeC1, to the culture supernatant of the transconjugant led to a similar colour change, indicating that the fluorescent compound was also able to complex iron. However, the UV-visible absorption spectrum of this iron complex had an absorption maximum which was highly sensitive to pH since it shifted from 417 nm at pH 7.0 to 368 nm at pH 6-0 (Fig. 4) . The probability that this compound, which we termed pseudoverdine, was not pyoverdine, was confirmed by electrophoresing the fluorescent compounds excreted by the pyoverdine-producer PA06049 and the PAO6624(pPYP17) and PAO6624(pPYP180) transconjugants. Pseudoverdine did not migrate during electrophoresis at pH 5.0 (the fluorescent spot remained at the origin after a 30 min electrophoresis), whereas the pyoverdines found in the PA06049 (or PAO1) supernatant migrated towards the cathode to produce two well separated fluorescent spots (data not shown) corresponding to the different forms of pyoverdine found in a wildtype P A 0 growth supernatant (Budzikiewicz, 1993) . Similarly, simultaneous production of pyoverdine and pseudoverdine occurred in a pyoverdine-producing strain (PA01 or PA06049) containing pPYP17 (or pPYPl80), since two fluorescent spots migrated to the expected positions for pyoverdine and one supplementary fluorescent spot stayed at the origin as for pseudoverdine.
Purification and biological and chemical properties of pseudoverdine
Initial attempts to purify pseudoverdine were performed using a procedure shown to be successful for pyoverdine purification (Meyer & Abdallah, 1978) . The brown iron complex (ferripseudoverdine) was extractable from NaC1-saturated culture supernatant using chloroform/phenol. Like ferripyoverdine, it re-dissolved in water following the addition of diethylether to the organic phase. However, the chromatographic behaviour of ferripseudoverdine on CM-Sephadex differed from that of ferripyoverdine since it bound irreversibly to CM-Sephadex, as well as to DEAE-Sephadex and to a C18-reversed phase column. Thus, the free ligand (pseudoverdine) was purified from the culture supernatant by repeated gel filtration on Sephadex G-25. An alternative method of pseudoverdine purification described elsewhere (Longerich e t al., 1993), involved the isolation of the darkbrown precipitate of ferripseudoverdine which formed following a 10-fold concentration of the culture supernatant from PAO6624(pPYP17) grown in 200 pM ironsupplemented succinate medium (in an iron-rich medium the culture turned brown instead of yellow-green as for an iron-poor medium, indicating that the pseudoverdine production, contrary to pyoverdine production, was not iron-regulated ; see Discussion). Chlorhydric or iodhydric hydrolysis of Sephadex G-25-purified pseudoverdine did not reveal the presence of any amino acid residue in the molecule. The spectral and electrophoretic properties of the purified pseudoverdine were unchanged from those described above for the transconjugant culture supernatants. The complete chemical structure of pseudoverdine was determined and found to be 3-formylamino-6,7-dihydroxycoumarin (Longerich e t al., 1993). A hypothetical biogenetic correlation between pseudoverdine and the pyoverdine chromophore has been subsequently proposed ( Fig. 5 ; Longerich e t al., 1993) . Although pseudoverdine, like pyoverdine, was apparently able to complex iron(III), it was unable to promote the growth of P. aerBginosa under iron starvation conditions, or to promote the uptake of iron in iron-deficient cells. Supplementation of the growth medium with the strong iron chelator ethylenediamine di(o-hydroxyphenylacetic acid) (EDDHA, 1 mg ml-l) inhibited the growth of the pyoverdine-less mutants (Hohnadel e t al., 1986) as well as the growth of such mutants harbouring pPYP17 or pPYP180 (data not shown). Growth of mutants or transconjugants could, however, be restored by the addition of purified pyoverdine (10 pM, final concentration), but not pseudoverdine, to the EDDHA/ succinate medium (Hohnadel e t al., 1986) . Finally, when pseudoverdine was added as the chelator instead of pyoverdine in iron uptake assays, it efficiently solubilized the labelled iron, but, unlike pyoverdine, failed to promote iron uptake (data not shown).
DISCUSSION
P. aerzdginosa P A 0 strains harbouring a cosmid derivative containing a 15.1 kb fragment of PAOl chromosomal DNA (pPYP17) or a pKT240-plasmid derivative containing a 10.8 kb fragment originating from the 15-1 kb insert in pPYP17 (pPYP180) were found to produce a pyoverdine-like compound, pseudoverdine, which was excreted in amounts equivalent to pyoverdine produced by the wild-type strain grown in succinate medium. As judged by the colour and fluorescence of the culture supernatants, these plasmids restored an apparently wildtype phenotype to P A 0 pyoverdine-less mutants. Originating from the 66-70 min region of the bacterial chromosome, as demonstrated by PFGE physical mapping, the 10-8 kb fragment (or its 15.1 kb precursor fragment) led to the production of pseudoverdine by pvd mutants with mutations mapped to the 47 min and the 23 min regions of the bacterial chromosome. Thus, the apparently restored wild-type phenotype did not result from gene complementation but rather, as discussed below, from a deregulated expression of the genes in the 10.8 kb Sad-ClaI DNA fragment. This was confirmed by the excretion of pseudoverdine, together with pyoverdine, by the wild-type PAOl strain when the cosmid pPYP17 (or pPYP180) had been introduced into it. Due to their strong similarities in UV-visible absorption spectral properties, a simple quantification of the respective production of these two compounds by PAOl(pPYP17) was not possible. However, it should be emphasized that the absorbance in the 400-420 nm region observed for the culture supernatant of P A 0 1 (pPYP17) was not increased compared to that of the wild-type strain, suggesting that pseudoverdine production reduced pyoverdine biosynthesis. This, together with the similarities in fluorescence and colour of the two compounds, as well as their iron-binding abilities, suggested that pseudoverdine might be related to the chromophore of pyoverdine.
Pseudoverdine was found to differ from the biologically active pyoverdine in several aspects : it did not restore the growth of pyoverdine-deficient mutants in EDDHAsupplemented media and it did not mediate iron uptake by iron-starved cells. These results, however, do not disagree with a chromophore-related structure for pseudoverdine since it is well established that ferripyoverdine recognition by its specific outer-membrane receptor is mediated by the peptide moiety of the molecule (Hohnadel & Meyer, 1988) which is absent from pseudoverdine. Interestingly, both pseudoverdine and pyoverdine were excreted into the growth medium, suggesting that excretion of pyoverdine (Poole e t al., 1993a ) is independent of the peptide moiety. Pseudoverdine, a coumarin derivative (3-formylamino-6,7-dihydroxycoumarin, Longerich et al., 1993) , possesses an ortho-dihydroxyl group in common with the chromophore of pyoverdine, 5-amino-2,3-dihydro-8,9-dihydroxy-lH-pyrimido-[ 1,2a] quinoline-lcarboxylic acid (Fig. 5, Michels e t al., 1991) . From a chemical point of view the coumarin compound may be formed by an internal cyclization of 2,4,5-trihydroxyphenylalanine (TOPA). A hypothetical scheme for the biosynthesis of this molecule and its relationship to the pyoverdine chromophore has been proposed (Fig. 5 , Longerich e t al., 1993) : it suggests that during the biogenesis of the chromophore, TOPA condenses with diaminobutyric acid leading to a precursor of the quinoline chromophore. Thus, pseudoverdine should not be considered as a direct biosynthetic precursor of the pyoverdine chromophore but, rather, as a precursor sideproduct resulting from an internal condensation of TOPA when the reaction with diaminobutyrate does not occur. Thus, the genes present on the 10.8 kb D N A fragment may be related to enzymes involved in the biosynthesis of TOPA from tyrosine. Preliminary biochemical experiments have already confirmed this view in that supplementation of cultures of PAO6624(pPYP17) or PAOl with 14C-tyrosine produced radioactive pseudoverdine and pyoverdine, respectively, labelled at the chromophore (A. Stintzi & J .-Me Meyer, unpublished results). Thus, tyrosine which has already been described as a precursor for the pseudobactin (pyoverdine) chromophore of P. flnorescelzs B10 (Nowak-Thomson & Gould, 1994) , appears to be a common precursor of the chromophore of both pyoverdine and pseudoverdine. It should also be pointed out that the chromophore of azotobactin, a pyoverdinelike pigment produced by Aaotobacter vilzelandii, is partially derived from 3,4-dihydroxyphenylalanine (Fukasawa & Goto, 1973) .
The results of the marker exchange experiments demonstrate conclusively that gene(s) present on pPYPl80 are involved in pyoverdine biosynthesis. It should be emphasized, however, that the resulting pvd mutants were phenotypically unstable, yielding the reappearance of some fluorescence in their culture supernatants. This might explain the lack of previously reportedpvd mutants with lesions mapping to this region of the chromosome since selection of pvd mutants is usually based on the absence of pigmentation and fluorescence.
Thus, it can be concluded that pyoverdine biosynthesis genes are dispersed around the P. aerngilzosa P A 0 chromosome, present at least at three different loci including the 23 min (Hohnadel e t al., 1986) Pseudoverdine produced by pPYPl7 or pPYPl80 transconjugants was expressed constitutively, and was not dependent on the iron content of growth medium. In this respect it differed markedly from pyoverdine biosynthesis which like all siderophores, is strongly iron-regulated (Meyer e t al., 1987) . In E. coli the regulation of the different iron uptake systems is negatively controlled and depends on a repressor molecule, the Fur (ferric uptake regulation) protein which acts with iron(I1) as a corepressor (Bagg & Neilands, 1987) . Such negative control has also been recognized for a soil fluorescent Pseztdomonas isolate (O'Sullivan e t al., 1990) and a P. aerzrginosa fzrr gene has recently been cloned (Prince e t al., 1993) . The constitutive expression of pseudoverdine could be explained by titration of a Fur-like repressor protein by the multiple copies (20-30, Jeenes e t al., 1986) of the cloning vector pKT240 in P. aerztginosa. This explanation is, however, unlikely since we have shown that the synthesis of the ferripyoverdine receptor in the pseudoverdine-producing transconjugants remained under iron control (Hohnadel, 1988) . Transcription of the pseudoverdine gene(s) from a plasmid promoter appears very unlikely: first, the cloning sites ClaI and Sac1 in pKT240 are in the coding regions of kan and str genes (Bagdasarian et al., 1983; Pouwels e t al., 1985) and, secondly, the DNA sequences in the 5' region of Sac1 and in the 3' region of ClaI could be deleted, as is the case with pPYPl80, without affecting the expression of pseudoverdine. We consider that the missing DNA in the pPYP17 cosmid, as detected by the discrepancy in the restriction map left of the BamHI site in a Southern blot with PAOl genomic DNA, has either placed promoter sequences directly upstream of the gene(s) contained on the fragment or resulted in the loss of regulatory regions upstream of the promoter. Work is in progress to more precisely characterize this D N A fragment and to determine the biosynthetic pathway of pseudoverdine.
